Background: MicroRNAs are noncoding RNA molecules of~22 nucleotides with diagnostic and therapeutic action [Curr Drug Targets, 2015. 16(12): p. 1381, affecting the expression of mRNAs involved in invasion, migration, and development [Oncotarget, 2015. 6(9): p. 6472-98, Cancer Manag Res, 2014. miR-200c is part of the miR-200c/141 cluster on chromosome 12p13. Its mechanism of action when encapsulated is critical in lung cancer when patients express changes in miRNAs. miR-200c be a potential biomarkers for various lung diseases. As a potential therapy, miR-200c can impacts lives as target lung cancer is a leading cause of death with about 234,000 cases annually, high heterogeneity, complex screening, and a 5-year survival rate of 16% [CA Cancer J Clin, 2016. 66(1): p. 7-30]. Encapsulated miR-200c efficiently enhances bioavailability, pharmacokinetics of therapeutics and targeting to cells, improves efficacy and provides potential cure.
Methods:
The functions of miR-200c were determined in non-metastatic KW-634 and metastatic 821-T4 and 821-LN mouse lung cancer cell lines after various Nano vehicle treatments. Viability and cytotoxicity were determined by cell cycle and quantitative real-time PCR analyses were used to quantify levels of miR-200c and its target genes. In situ hybridization was used to visualize patterns of expression of miR-200c and others in the lung and many organs. Next-generation sequencing accession number GSE125000, invasion and migration assays using transwell chambers, and ActivSignal were used to elucidate the activation and inhibition profiles and perform direct expression measurements and modification of cellular components.
(Continued on next page)
Background
One of the main mechanisms of gene silencing is controlled by new biomarkers called microRNAs, which are small noncoding RNAs capable of regulating target mRNAs associated with tumors [1, 2] . MicroRNA-mediated gene silencing has emerged as a major mechanism of gene regulation by controlling in a cell and tissue-specific manner, the translation and stability of target mRNAs, thereby controlling the proper balance of proliferation, invasion, migration, differentiation and cell death [3, 4] , playing a major role in the inhibition, development and progression of lung cancer. A wide spectrum of disorders, such as pulmonary diseases, diabetes and cardiac disorders, can be attributed to miRs dysfunction [5] . miR-200c-3p is crucial in acute respiratory distress syndrome [6] . microRNA-200c, a known tumor suppressor, is correlated with expression of the transcription factor Nk2 homeobox1 (Nkx2.1) in mouse primary lung cancer cells and early stage mouse lung embryos [7] . Nkx2.1 is also known to suppress lung adenocarcinoma progression [8] . Despite the high prevalence and poor prognosis of lung cancer, little is known about the mechanisms of progression and pathogenesis, or how to interfere with them for novel therapeutic interventions. Current therapeutic options for advanced lung cancer, if available, remain largely ineffective [9, 10] , and it is still unclear whether cancer cell invasion or metastasis is the main cause of mortality. In this study, we investigated the targeting ability of miR-200c within our formulation vehicle to demonstrate its regulatory and therapeutic capabilities, as the use of carriers to deliver drugs or genes into cells has been proven to be a successful strategy to increase specificity in targeting cancer cells. We describe a new mechanism of uptake of encapsulated Nkx2.1-depen
Introduction
Lung cancer, a leading deadly disease in men and women with hundreds of new cases per year [11] , has developed resistance to generic drugs over time, and microRNAs recognized as key players in the development of this malignancy, could provide potential treatment options. miR-200c functions as a tumor suppressor gene by inhibiting epithelial-to-mesenchymal transition (EMT) during tumor invasion, migration and metastasis. A multiplex network of pathways governs miR-200c and its down regulation is the main mechanism in cancer and many solid tumors [12] [13] [14] [15] [16] . Previous studies have identified a regulatory link between miR-200c and Nkx2.1, the developmental and oncogenic transcription factor Six4, a biomarker involved in non-small cell lung tumor initiation and progression [17, 18] , Nfib and Myb, with roles in the regulation of gene expression, control of carcinogenesis and cellular senescence [7] , as well as important signaling pathways and molecules [19] . These transcription factors [20, 21] and other known miR-200c targets, such as E2F3 and Kras, have been linked to lung epithelial proliferation in development acting as oncogenes in tumorigenesis [22] . Myb has recently been linked to the differentiation of airway epithelial cells and is regulated by miR-200c in glioblastomas [23] and breast cancer cells. Tumor growth can be reduced by varying the expression of Nkx2.1 and the amount of miR-200c in the cell. The delivery of genes into cells, specifically to the nucleus, is problematic due to the specificity of this entity. The effectiveness of a drug delivered in a Nano vehicle compared with the drug itself has been proven to be increased in a xenograft mouse epidermoid carcinoma model [24] , as well as for delivery of genes or a combination of genes and drugs together.
Small noncoding RNAs called miRs are "a new" class of tissue-specific genes that function in the development of many organs and a host of human diseases such as cancer through post-transcriptional gene regulation. miRs in animals and plants target mRNAs in a regulatory manner for cleavage or translational repression, making them appropriate for tumor and other disease classifications and providing prognostic and diagnostic targets [3, 25] . In a previous study in which miR-200c was highly expressed while Nkx2.1 was knocked down, the active delivery of miR-200c increased by 16.7-fold [26] , especially when delivered in a Nano vehicle, because miR-200c has been previously shown to enhance radio sensitivity with an antitumor activity drug association in lung cancer [27, 28] . We have recently reported the first evidence that Nkx2.1 regulates a number of miRs, including miR-200c, which mediates gene silencing induced by Nkx2.1 [7] . Here, we determine the efficacy of the treatment of cells with miR-200c compared with miR-200c encapsulated in a Nano vehicle to target the nuclei of the primary mouse lung cancer cells associated with EMT, KW-634, 821-LN and 821-T4. Several microRNAs control tumor cell proliferation, invasion, and survival [29, 30] . The dysregulation of normal patterns of miR-200c expression occurs in multiple types of cancer cells and is linked to tumor progression [22] . Although miRs regulate diverse functional cellular processes, lung transcription factor networks are not yet established, and little is known about their regulation and connection, prompting us to study the dynamic interactions among cancer cells, Nkx2.1, their regulated miRs, the associated tumor microenvironment and the subsequent influences on disease initiation, growth, and spread. These features are critical for determining new therapeutic options for advanced lung cancer associated with the metastatic cascade [31] .
Nanotechnology is the science and engineering of vehicles and carriers at the nanoscale, and our preparations are less than 100 nm in size and exhibit great stability up to more than 6 months at 4°C. In the biological field, a Nano vehicle is a promising way to deliver drugs or genes into cells by increasing their cellular entry and composition by resembling the bilayer phospholipid membrane. By developing a Nano delivery vehicle also used as empty control overexpressing miR-200c as a novel strategy to attack lung cancer cells, we further suppressed invasion and migration compared to miR-200c non-encapsulated showing increase levels of miR-29b, a target miR for lung cancer treatment [32, 33] , and miR-1247, an inhibitor of key cancer-promoting genes, by encapsulating stable specific amounts with higher cellular uptake. Reduction and alteration of miR-200c are known to trigger cancer progression and genesis by their interactions with various cellular signaling molecules and important pathways. miR-200c is an immunotherapy target against various cancers [34] . In recent years, multiple miR-based drugs have been explored and have entered clinical testing [23, 24] . These studies support our findings that the use of a stable Nano miR-200c increases the efficacy and specificity of delivery in cells and, depending on the expression of Nkx2.1, could be a promising pathway to target cells for cure and potential diagnostic prior to treatment. Interestingly, cancer cells treated with Nano miR-200c express more mitochondrial RNAs (mtRNAs) than non-Nano miR-200c, providing novel insights into the roles of mitochondria with important clues to understand many molecular mechanisms, cellular apoptosis and cell death. Our delivery system-based therapeutic miR-200c assumes new strategies to circumvent cancer challenges by efficiently delivering a stable miR-200c that reduces cell growth, invasion and migration, as well as the expression of key oncogenes and protein targets. Using lung cancer cell lines, we demonstrate that Nkx2.1 and its targets, miR-200c, miR-29b, miR-1247, and miR-189, are parts of a newly discovered regulatory network that is important for the exploration of new therapeutic approaches in primary and metastatic lung cancer.
Methods

Nano formulations, size measurements and zeta (ζ) potential
The vehicle for emulsification was prepared by weighing L-α-phosphatidylcholine, hydrogenated soy (HSPC) (Avanti Polar Lipids, 840,058), 1,1-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene-glycol)-2000] (Avanti Polar Lipids, 880,120) and cholesterol (Sigma) in a sonication vial. PBS (1.5 mL) was added to the dry materials and exposed to ultrasound for 20 s.
PBS was further added to fill the vial, and then the vial was exposed to ultrasound for 30 min. The Nano emulsion of the vehicle was prepared from the suspension using a microfluidizer processor model M-110 L (Microfluidics Corporation, Newton, MA). Microfluidizer processors provide high pressure and a resultant high shear rate by accelerating the product through microchannels to a high velocity for size reduction to the nanoscale range. The fluid was split in two and pushed through microchannels with typical dimensions on the order of 75 μm at high velocities (in the range from 50 to 300 m/s). As the fluid exits the microchannels, it forms jets, which collide from opposing microchannels. In the channels, the fluid experiences high shear forces (up to 107 1/s), with orders of magnitude greater than those of conventional technologies. Jet collisions mix at the sub-micrometer level. High shear and impact are responsible for particle size reduction to the Nano range of less than 100 nM with multiphase fluids mixing in the microfluidizer.
The stable, finer Nanoencapsulations of miR-200c were prepared in a sonication vial. PBS (1.5 ml) was added and exposed to ultrasound from a microfluidizer processor model M-110 L powered up to 1241 bar with less than 24 scfm air using a 5.6 kw (7.5 hp) compressor (Microfluidics Corporation, Newton, MA) as previously described [24] . Size measured with the Zetasizer nano series (Malven) by diluting 10 μl of the Nano preparation in 990 μl of PBS. Incorporation of miR-200c (Ambion) in the vehicle is achieve by adding 50 nM of the miR then sonicating the sample in the Fisher Scientific Sonic Dismembrator model 500 for mixture and stability.
Zeta (ζ) Potential: The measurement of ζ potential is based on forming colloidal particles of miRs dispersed in the formulation solutions electrically charged due to their ionic characteristics and dipolar attributes. Each particle dispersed in the solution using the Malvern Zetasizer nano series Zen 3600 (Malvern Instruments Ltd., Enigma Business Park, Grovewood Road, Malvern, Worcestershire WR14 1XZ, U.K.) is surrounded by oppositely charged ions called the fixed layer. Outside the fixed layer, there are varying compositions of ions of opposite polarities, forming a cloudlike area. This area is called the diffuse double layer, and the whole area is electrically neutral. When a voltage is applied to the solution in which the particles are dispersed, particles are attracted to the electrode of the opposite polarity, accompanied by the fixed layer and part of the diffuse double layer, or internal side of the sliding surface. This system uses dispersion technology software (DTS v4.20) , which changes to the ζ measuring mode, and the sample for which ζ is measured is contained in disposable capillary cuvettes (DTS1060) equipped with electrodes. Each determination was performed in triplicate.
Cell lines
Primary non-metastatic and metastatic tumor cells, KW-634, 821-LN and 821-T4, were grown in RPMI + GlutaMAX -1 (1X) (Gibco for Life Technologies REF: 61870-036). The cells were grown in culture medium to reach 40-50% confluency before treatment with 10 μl of 50 nM Nano-miR-200c, miR-200c, empty Nano Control (same composition as the suspension or vehicle with no miRs), antago-miR or control untreated plates before harvesting after 48 h to study the effect of our treatment.
Characterization and localization of Nano miR-200c by immunofluorescence (IF)
Cells were seeded on square coverslips (Fisher scientific 12-545-80 12 CIR-1) in six-well plates and transfected with 50 nM of each a) naked miR-200c, b) Nano fluorescein miR-200c, c) empty Nano control (same composition as the suspension or vehicle with no miRs), or d) nontreated control. For nuclear staining, molecular probes Prolong® Gold antifade reagent and 1 mg/ml 40,6-diamidino-2-phenylindole (DAPI) were dropped onto the cells for 10 min, after which the cover glass was flipped upside down, with cells facing the slide, and sealed with nail polish after the Prolong® had dried. The cells were washed three times with PBS following each step of the staining procedure with images obtained using a fluorescence microscope Leitz Aristoplan (WILD LEITZ GMBH) at high magnification of 60X under oil.
Cell cycle analysis for viability and cytotoxicity
Cell cycle was analyzed by flow cytometry after the addition of propidium iodide. Cells non treated control, treated with Nano miRs (200c, 221, 222, 346, and 1195) and empty Nano negative control (same composition as the suspension or vehicle with no miRs)were washed with cold PBS, resuspended in PBS, fixed by addition of equal volume of cold absolute ethanol and incubated for two or more hours at 4°C. Cells were then washed with cold PBS, stained with propidium iodide (0.1% Triton X-100 and 0.2 mg/mL DNAse-free RNAse A in cold PBS) and stored at − 80°C before FACS for data acquisition by flow cytometry.
Real-time qRT-PCR miR expression was analyzed by RT-qPCR in total RNA samples using methods described previously [7] . Per sample, 10 ng to 1 μg was subjected to reverse transcription using TaqMan RNA and MicroRNA Reverse Transcription Kits (Applied Biosystems, Grand Island, NY), respectively. qRT-PCR analysis of RNA and miRNAs was performed in triplicate with TaqMan RNA and MicroRNA Assays (Applied Biosystems) according to the manufacturer's instructions. GAPDH and RNU6B were selected for normalization. Each experiment was performed in triplicate, and quantitative analysis of changes in expression levels were calculated by StepOne Real-Time PCR System (Applied Biosystems). miR expression was analyzed by qRT-PCR using total RNA. Quantitative analysis was performed by the 2 -ΔΔCt methods.
Mitochondrial membrane potential assays
We used a fast, less toxic and convenient CellLight® Mitochondria-RFP, BacMam 2.0, which provides an easy method for labeling mitochondria with Red Fluorescent Protein (RFP) in live and fixed cells. The reagent was added to the cells, incubated overnight, and the cells imaged. This ready-to-use construct was transduced and transfected into cells using BacMam 2.0 technology, where it expressed RFP fused to the leader sequence of E1 alpha pyruvate dehydrogenase. Cells were treated with 10 μl of miR-200c or Nano miR-200c for 24 to 48 h, followed by 12 μl of JC-9 dye mitochondrial probes RFP, Bachman 2.0 (applied BioSystems) per the manufacturer's instructions for another 24 h. They were then fixed with formaldehyde before visualization under a fluorescence microscope.
Small RNA and RNA sequence preprocessing and filtering data Each sequencing run used a 150 or 300 cycle NextSeq 500 v1 or v2 High Output Sequencing Kit, and corresponding High Output Flow Cell. Illumina libraries were quantified using qRT-PCR. Loading concentrations varied between 0.8 and 1.7 pM. The paired-end library was enriched before being sequenced on the Illumina HiSeq at the WIBR and MIT BioMicro Center. The location of each barcode was recorded, and this allowed for the post-sequencing identification of each population. Accession number GSE125000.
In situ hybridization
We performed in situ hybridization on both frozen sections according to Obernosterer's protocol (Alenius, et al., 2007) . Briefly, E11.5 whole embryos and E19.5 dissected lungs were fixed in freshly prepared 4% paraformaldehyde in 1X PBS, pH 7.4, at 4°C for 16 h, while left lungs were fixed in 4% PFM at 4°C overnight followed by sequential washing with DEPC-treated PBS (30 min) and 7.5% sucrose (30 min). Tissues were then transferred to new 50 ml conical tubes containing 50 ml of 30% sucrose dissolved in DEPC-treated PBS and rocked gently in the cold room for 2 days. Tissues were then embedded in OCT using liquid nitrogen, sectioned and mounted on glass slides before being stored at − 20°C. The same thickness slides were used for ISH. After warming up at RT for 30, the tissue slides were first washed with DEPC-treated PBS (3X 3 min), followed by acetylating in triethanolamine buffer plus acetic anhydride for 10 min, permeabilizing in PBST (PBS plus 0.1% Triton X-100 in DEPC-treated water) for 30 min, and washing 3X 5 min at RT. After prehybridization at RT for 2 h, hybridization was carried out at 50°C overnight in the same prehybridization buffer (50% formamide, 5x SSC, 1x Denhardt's solution, 500 μg/mL salmon sperm DNA, and 5% dextran sulfate) containing 25 nM of miR29b locked nucleotide acid, Exiqon (LNA) probe (Alenius, et al., 2007), followed by sequential washing with 0.2x SSC at 50°C for 1.5 h, cooling down to RT, and washing again with 0.2X SSC for 5 min and PBS for another 5 min at RT. The slides were then incubated in blocking solution (TTBS, 0.05 M Tris, pH 7.5, 0.15 M NaCl, 0.1% Tween-20, and 5% sheep serum) at RT for 1 h before incubation with anti-digoxigenin-AP antibody (1:2500, Roche) overnight at 4°C. After washing in TTBS for 3X 10 min, the slides were incubated at RT for 10 min in 50 ml color reaction buffer (0.1 M Tris, pH 9.5, 0.1% Tween-20, 0.1 M NaCl, and 0.05 M MgCl2) before color development with BM purple (Roche) plus 0.1% Tween-20. The sections were air-dried and cover slipped with Prolong Gold (P36935, Invitrogen), and images were obtained using a LSM 510 Axiovert 200 M.
Migration and invasion assays
Cell migration and invasion were performed using the Cytoselect 24-well cell migration assay (8 μm, Fluorometric Format) (Cat. No. CBA-101-C) from Cell Biolabs. Approximately 24 to 48 h after transfection and exposure to Nano miR-200c, cells in serum-free medium were seeded into the upper chambers of the transwells, which were lined with Matrigel (BD Biosciences), for the migration (8 mm pore size, Costar) and invasion assays. The lower chambers were filled with medium containing 10% FBS. After several hours of incubation at 37°C with 5% CO2, the cells that had migrated or invaded through the membrane were fixed using formaldehyde and stained with 0.1% crystal violet. The cells on the lower surface were photographed, and five random fields of cells were counted. Three independent experiments were performed.
Protein insights into signaling pathway activation
The ActivSignal IPAD Platform was used to help understand the pathway activation/inhibition profile of cells by assessing the signaling pathways in each sample. The IPAD assay allows the direct measurement of the expression and modification of signaling pathway components. Here, we focused on multiple targets reflecting the activities of major signaling pathways in our sample lysates (treated vs. untreated or treated empty Nano control). The samples were processed, and target proteins were detected with content analysis.
Statistical analysis
For all experiments, statistical analysis was first performed using one-way analysis of variance (ANOVA) to determine statistical significance between groups for each endpoint assessed. To assess the in vitro oncolytic effects, statistical significance between groups was calculated with multiple comparisons between treatment groups and controls evaluated using Student's t-test. All p-values < 0.05 were considered statistically significant. For mRNA NGS data analysis, principal component analysis (PCA) was used in the unsupervised analysis to reduce the dimensions of large data sets and to explore sample classes arising naturally based on the expression profile. Our NGS data (Accession number GSE125000) analysis pipeline is based on the Tuxedo software package, which is a combination of open-source software and implements peer-reviewed statistical methods. In addition, we employed specialized software developed internally at Exiqon to interpret and improve the readability of the final results. The components of our NGS data analysis pipeline for RNA-Seq include Bowtie2 (v. 2.2.2) [35] , TopHat (v2.0.11) [36] and Cufflinks (v2.2.1) [37, 38] .
Results
Formulation, ζ potential, and particle size of empty Nano and Nano miR-200c
The particle size Z-average of the empty Nano vehicle used as a control for paralleled treated cells and Nano miR-200c suspension was detected by the Malvern particle size analyzer and subsequently reduced to 48.58 and 55.50 nm respectively after micro-fluidization. The size of the Nano miR-200c particle with incorporation of carboxy-fluorescein and miR-200c was 48.76 nm (Fig. 1a) . The interaction of miR-200c with our formulation process decreased the ζ potential from 0.212 to − 0.075 for 100% of the area (Fig. 1b) . Our delivery system-based therapeutic miR-200c allows new strategies to circumvent cancer challenges by efficiently delivering a very stable miR-200c that can persist for more than 6 months if not than a year of the active pharmaceutical ingredient (Additional file 1: Figure S1 ) with the same pharmacokinetic properties.
Efficient miR-200c localization, cellular uptake in cells and the cell cycle
Confocal microscopy was performed to determine the localization of our Nano formulation with 87.5 to 95% of our particles entering the cells after they were incubated with carboxy-fluorescein-labeled cholesterol and 1,2-disteroyl-sn-glycero-3-phospho-ethanolamine encapsulated with miR-200c for 24 h after transfection with 100 nmol/ l miR-200c in the KW-634 non-metastatic lung tumor cell line ( Fig. 2 A 1 ), miR-200c in the 821-LN metastatic tumor cell line ( Fig. 2 A 2 ) , and miR-200c in the 821-T4 metastatic tumor cell line ( Fig. 2 A 3 ). Staining techniques revealed cytoplasmic and nuclear carboxy-fluorescein-labeled incorporation of our Nano miR-200c and Red CellLight Mitochondria-RFP miR-200c migration in the 821-T4 metastatic tumors cell line, allowing us to observe the mitochondrial response to gene transfer (Fig. 2b) . Interestingly, the nanoparticles are localized in the cytoplasm of the cells, in the nucleus or close to its membrane and in the mitochondria ( Fig. 2a and b) . Cell cycle FACS analysis of various encapsulated miRs (200c, 221, 222, 346, and 1195) with negative empty vector control (same composition as the suspension or vehicle without miRs) was performed to examine the viability and cytotoxicity of the Nano preparation by flow cytometry after addition of propidium iodide. There is a significant change in cell cycle phases after the treatments by encapsulated miR-200c compare to miR-200c ( Fig. 3 and Additional file 1: Figure S2 ). Encapsulated cells entering the preparation for DNA synthesis G1 phase of this naturally occurring cell proliferation process are 2 to 4 fold changed when preparing for Mitosis in G2 and 6 plus fold higher when replicating in S phase pointing to very interesting regulatory mechanisms as our formulation presents an hydrodynamic size and indication that their robust limited size affect the downstream process. This reagent is transfected into cells using BacMam 2.0 technology, where it expresses RFP fused to the leader sequence of E1 alpha pyruvate dehydrogenase. We observed mitochondria-RFP behavior in live cells independently of the mitochondrial membrane potential. This process allowed us to observe some mitochondrial disorders in the cytoplasm of some cells. Those disorders were present in untreated cells as well as those treated with miR-200c and Nano miR-200c, thus confirming that it was not related to our treatment ( Fig. 4b and c) . Endogenous expression of Nkx2.1 (Fig. 4d) , miR-200c (Fig. 4e) , and its direct targets Myb, Nfib and Six1 (Fig. 4f ) in mouse lung non-metastatic (KW-634, black bars) and metastatic (821-T4, green bars) cells showed the same inverse correlation as observed in MLE15 cells (*) P < 0.05. To characterize these cells, we used qRT-PCR to evaluate endogenous expression levels of Nkx2.1, miR-200c, and the downstream targets Myb, Nfib, Six4, and Six1 that we had previously shown to be part of a regulatory network in MLE15 cells and in Nkx2.1 mutated lungs. Higher levels of Nkx2.1 were detected in 821-T4 metastatic compared with non-metastatic KW-634 cells. In these cells, we found an inverse pattern of expression between Nkx2.1 and miR-200c and an inverse pattern between miR-200c and downstream targets Myb, Nfib, Six4, and Six1 (Fig. 4) as they are all direct targets of Nkx2.1.
To clarify the significance of miR-200c in the metastatic and non-metastatic cell lines, we used qRT-PCR to investigate the effects of the expression of miR-200c and Nano miR-200c on some of its known direct targets ( Figures  S3 and S4 ).The two-way hierarchical clustering of the genes and samples with 500 genes heat maps with the largest coefficient of variation were based on FPKM counts. Each row set for a gene, and column set for one sample. Red as the expression levels above the mean and green those below the mean (Fig. 6a) are the relative expression level of a single transcript across samples. We identified genes for each sample based on the count cut-off values of different fragment showing the 20 most differentially important and interesting expressed genes (Table 1) . On the outer rim of the plot, the sample names can be found. 1, 10, 100 or 1000 counts estimation of genes identified is illustrated as colored rings. Sample resulting in a significantly lower number of identified genes at each fragment count cut-off was a deviation from the rest. Concentric rings of different colors (Fig. 6b) are the result of genes identified at each fragment count cut-off samples with similar number. Our data revealed that Nano miR-200c increased the expression of miR-29b by 101.7-fold compared with miR-200c treatment (Table 1) . In KW-634 cells, miR-29b increased by 5261-fold (Additional file 2: Table S1 Figure S4 ).
Unsupervised analysis for the reduction of our large data sets was done using Principal component analysis (PCA) according to the expression profiles giving us 500 genes with the largest coefficient on variation plotted along the X-axis and the second largest on the Y-axis according to biological pronounced differences between samples included based on the FPKM abundance estimations included in the analysis for sample clustering. Separation of samples in different regions of a PCA plot are based on their biology. Cells were the main variable factors in addition to the treatments. Clustering was performed according to KW-634 non-metastatic cells, metastatic 821-T4 and 821-LN cells, and their respective treatments (Fig. 6c) .
We used Gene Ontology (GO) enrichment analysis to investigate whether specific GO terms were more likely to be associated with the differentially expressed transcripts and by comparing two different statistical tests: Standard Fisher's test to investigate the enrichment of terms between two groups, and the 'Elim' method applied to achieve a more conservative approach incorporating the topology of the GO network to compensate for local dependencies between GO that can mask significant GO terms thus highlighting relevant GO terms. Figure 6d is the result for the biological process GO terms of differentially expressed transcripts identified between the two groups. The Volcano plot visualize genes display statistically significant large-magnitude changes with towards the top of the plot (high statistical significance) and at the extreme left or right (strongly down and up-regulated, respectively) by plotting -log10 (p-value) on the y-axis and the expression fold change between the two experimental groups on the x-axis with two regions of interest. In red are genes with a q-value < 0.05 with thousands passing the filtering as indicated in Fig. 6e .
The table shows the results for the GO (biological process) terms associated with significant differentially expressed transcripts identified between the two groups. Complete GO enrichment analysis showed all comparisons such as Cellular component (CC) and Molecular function (MF) analysis; the 20 significantly differentially expressed GO (biological process) terms associated with transcripts between the treated and untreated groups were mostly related to Regulation of Transcription and Cell Division as indicated in Table 2 .
Different isoforms were detected. Novel transcripts that could be a new isoform of a known gene or a transcript without any known features were characterized as transcripts containing features that are not present in the reference annotation (Table 3) .
A novel transcript could also be the result of a previously unknown splicing event for a known gene or a previously unknown long noncoding RNA (Table 4) .
Novel transcripts now part of a regulatory network of Nkx2.1, miR-200c encapsulated and non-encapsulated with the direct targets of Nkx2.1 were classified with known features by listing the known transcripts most closely resembling the novel transcript with known feature and novel transcripts without any known features; given a locally unique name as the transcript identifier and a genomic positions for the features of the novel transcript, such as the location and number of exons. Differentially expressed novel isoforms also found are indicated in Tables 3 and 4. (See figure on previous page.) Fig. 6 a-Heat map and unsupervised hierarchical clustering by sample and genes were performed for the listed samples using the 500 genes with the largest coefficient of variation based on FPKM counts. Data were based on samples from the treated and untreated groups. The results were based on the normalized FPKM (abundance) for each gene for each sample and a b-radar plot showing the number of genes identified for each sample at different fragment count cut-off values. See the color scale at the top of figure for the specification of fragment count cut-off values. c-Principal component analysis (PCA) plot for treated and untreated cells. PCA was performed on all samples that passed QC using the 500 genes with the largest coefficient of variation based on FPKM counts. Each circle represents a sample. Treated KW cells were separated better than 821-T4, which was not well separated, and 821-LN, which was moderately separated. d-Scatter plot showing significantly enriched GO terms associated with genes that were differentially expressed between treated and untreated cells. The plot shows a comparison of results obtained with the two statistical tests used. Values along diagonal line were consistent between both methods. Values on the bottom left of the plot correspond to the terms with the most reliable estimates using both methods. The size of a dot is proportional to the number of genes mapping to that GO term, and the coloring represents the number of significantly differentially expressed transcripts corresponding to that term, with dark red representing more terms and yellow fewer terms. e-Volcano plot showing the relationship between the p-values and the log2-fold change in normalized expression (FPKM) between treated and untreated cells; Data are based on the normalized FPKM (abundance) for each gene per sample 
Mitochondrial membrane target gene expression
Mapping of the sequencing data was a useful quality control steps in the NGS data analysis pipeline because it helped to evaluate the quality of the samples. Reads were classified into the following classes: 1-Mappable reads with alignment to the reference genome (including mRNA, pre-mRNA, poly (A) tail lncRNA and pri-miRNA); 2-outmapped reads or high abundance reads, such as rRNA, mtRNA, poly(A) and poly(C) homopolymers; 3-unmapped reads, indicating no alignment was possible. It was possible to align 83-93% of the reads to the reference genome, with little or no degraded rRNA material at approximately 1 to 4% and (Fig. 7a) summarize the mapping results with the total number of reads obtained for each sample. On average, 20.1 million reads were obtained for each sample, and the average genome-mapping rate was 94% (Fig. 7a) . Outmapped or high abundance reads aligned for mtRNA showed a significant increase in mapping results for our Nano-miR-200c-treated samples compared with the controls (Fig. 7b) . To clarify the significance of this result in metastatic and non-metastatic cells, we investigated the expression of mitochondrial genes BCL2 regulator of mitochondrial apoptosis (Assay ID: Mm00477631_m1 Lot No. 1550115 (Fig. 7c) and Gtf2ird (Assay ID: Mm01195467_m1 Lot No. P170228) (Fig. 7d ) by qRT-PCR (Fig. 7) . We generated a miR-200c-loaded nanoparticles below 100 nm in size that was able to affect mitochondrial gene regulation and expression within the mitochondria. This is a direct evidence of our formulation crossing the mitochondrial membrane.
Nano miR-200c enhances or decreases migration and invasion while affecting protein signaling pathway activation
Encapsulated miR-200c expression contributed to a significant decrease in migration, invasion and metastasis mechanism of mouse lung non-metastatic KW-634 ( Fig. 8a and b) and metastatic 821-LN (Fig. 8d) . Very little or no changes are observed in 821-T4 invasion (Fig. 8c ) cells when compared using transwell assays with or without Matrigel. The invasion and migration This table aims to highlight the most relevant GO terms associated with the differentially expressed transcripts in the comparison to ascertain whether certain biological functions were enriched among the transcripts compared with the reference background. This analysis is a type of gene enrichment test and does not ensure that the transcripts that belong to a significant GO term are up or downregulated. It does ensure, however, that a group of differentially expressed genes with similar functionality are significantly over-represented. The expected values represent an estimate of the number of transcripts associated with the given significant GO term at random among all the annotated differentially expressed genes. The significant (observed) values represent the number of differentially expressed transcripts associated with that particular GO term in the sample (real) dataset. Annotations represent the total number of genes associated with that GO term in the sample dataset, which means that the reference background could potentially have a larger number of annotations. The q value represents the test statistics for the given GO term whether or not it is significantly enriched ability of mouse lung non-metastatic (KW-634) cells transfected with Nano miR-200c were significantly decreased when compared cells treated with miR-200c alone and the controls (Fig. 8a and b) . This can be due to the non-metastatic characteristic of the cells where both invasion and migration are affected. In contrast, by transfecting the cells with miR-200c or Nano miR-200c inhibitor into metastatic 821-T4 cells, invasion was not significantly impacted (Fig. 8d) . The samples were processed and target proteins detected with content analysis to generate results using mouse lung non-metastatic KW-634 (Fig. 8e) .
ISH of lung development stages in CD-1, Kras and phosphorylation mutant lungs
In situ hybridization (ISH) using lungs from early embryos (day-11 and day-19) and adults, revealed that miR-200c, miR-221, and miR-222 presented nonspecific patterns, while miRs 1195 and 346 had the same epithelial correlation as Nkx2.1; miR-200c was shown to be prominent in the dorsal root ganglion, while miR-346 was present in the liver and dorsal root ganglion (Fig. 9a) . At E-19.5, their patterns were similar to adult Kras (Fig. 9b) , and C-miR-1195 showed a similar epithelial pattern to both Nkx2.1 at E-11.5 and E-19.5 (Fig. 9c) . miRs are shown here to be tissue and organ specific meaning we can specifically target the pathological process in the organ or used their potential miRs as a biomarkers of that particular disease.
Discussion
Identifying Nkx2.1-dependent tumor-associated miRs and their target genes is critical for understanding the roles of miRs in tumorigenesis and is very important for novel therapeutic targets. From previous work, we have generated encapsulated drugs for cancer treatment and identified some relevant miRs. In this work, we focused on the delivery effect of encapsulated miR-200c on Kras non-metastatic KW-634 and metastatic 821-LN and 821-T4 and demonstrated an inhibition of invasion and migration with an upregulation of mitochondrial genes such as miR-200c, which plays the role of an epigenetic regulator in addition to its transcriptional regulatory role with a critical impact on downstream regulators. Our findings show that when encapsulated, miR-200c participated in the regulatory pathway of Nkx2.1 in lung cancer cells. To our knowledge, this is the first study to examine the mechanism of encapsulated Nkx2.1-dependent miR-200c on lung cancer formation and metastasis. Both are the main cause of death in patients affected by this untreatable disease. To understand their functional implication in cancer with the possibility to translate them into the clinic, we have developed a Nano formulation with miR-200c as a treatment option. Nano formulations are attractive because the hydrophilic nature of miRs, their sensitivity to nuclease degradation, and inefficient uptake by tumor cells without the use of vectors are major problems with the introduction of miRs into tumor cells. Nano formulations protect the miR from degradation and do not have the toxicity and side effect profiles of viral delivery methods [39] . Our formulation is less than 100 nm and contains nontoxic and biodegradable particles, resulting in greater and extended cellular uptake and reducing the action of the mononuclear phagocyte system (MPS). Additionally, it is easily cleared from the body because of the biodegradable capabilities. Because of the dramatic decrease in particle size (Fig. 1a) , surface-to-volume ratios of the Nano formulation containing miR-200c were increased, increasing the bioavailability of the cargo (Fig. 1b) . The intracellular cargo release was efficiently induced by factors in the cell environment, such as pH, redox potential, and enzymes, allowing it to be used as a prolonged biodegradable protective shield with improvements in high target uptake and the efficiency of delivery of the payload. Our delivery methods protect miRs from nucleases and enhance uptake into tumor cells and block cancer cell movements, preventing them from invading surrounding tissue and increasing their bioavailability and efficacy. Interestingly, the formulations also enabled particle entrance into the mitochondrion, as evidenced by the high expression of miRs in the next-generation sequencing data.
Understanding the zeta potential variations of encapsulated Nano miR-200c is very important as this parameter controls the direction and magnitude of electro-osmotic permeability, with a crucial role in uptake and increasing the bioavailability and efficiency in the regulation of target genes. Zeta potential is evaluated by measuring the electrophoretic or electro osmotic mobility [40] or by measuring the generated streaming current or streaming potential (Fig. 1c) . Our zeta potential was slightly negative as a positive charge induces toxicity [41] , directly affecting the performance and processing characteristics of our delivery while increasing the efficacy. This capacity to enter cells has been attributed to the small diameter of Nanoparticles, allowing greater penetrance through the lipid bilayer. Our Nanoparticle shows great potential for guiding drugs within the cell. We were able to observe mitochondria-RFP behavior in cells with more than 90% efficiency using a fluorescent imaging system and standard TRITC/RFP filter set. We studied the staining of mitochondria, which does not depend on mitochondrial membrane potential. In addition, we also co-transduced and transfected more than one CellLight® reagent, labeling live cells with multiple tracking and tracing dyes to image dynamic cellular processes. For drug and gene therapy, the deliveries must be to the nucleus, wherein genetic variables play a major role [42] .
Cell growth and uptake, Nkx2.1, miR-200c targets, RT-qPCR Conventional chemotherapy disrupts the functions of cell organelles, such as the mitochondria, and our Nano formulations acted in a similar manner. The mitochondria are involved in many cellular processes that could be disrupted by our Nano formulation, such as dynamic fusion, division, morphology and, most importantly, apoptosis. Thus, a mitochondrial membrane assay was performed to ascertain whether our Nano formulation could affect mitochondrial dynamics. After treatment, staining of the mitochondrial membrane was carried out and changes to key mitochondrial factors were observed. RT-qPCR was performed to analyze the expression level of genes with expression related to miR-200c as many miRNAs are transcriptionally regulated by key signaling pathways such as Hippo which is responsive to, and regulates, many cellular properties that have been linked to tumorigenesis, Yap/Taz-p degradation in the cytoplasm and the balance of apoptosis and cell proliferation in the nucleus; cell cycle regulation, and EMT; all are important mediators of signal transduction pathways. miR-200c silenced signal transduction pathways by targeting kinases or potentiated signaling events by regulating important enzymes. Thus, we have developed a naturally evolving strategy for miR-200c to overcome the mitochondria to target the nuclear envelope and enter the nucleus, which can be utilized, optimized and integrated to establish an efficient delivery system.
Next-generation sequencing (NGS)
We were able to establish the regulatory relationship between Nkx2.1 and miR-200c in particular, as well as their direct target genes. While comparing the outcomes of treatment of our cells with Nano miR-200c and simple miR-200c, we identified higher fold changes in expression of Nkx2.1, Myb, Six4 and Six1. The therapeutic delivery of Nano miR-200c increased the expression level of miR-29b, a regulator of EMT (Additional file 2: Table S1 ), and miR-1247, an inhibitor of invasion and inducer of apoptosis (Additional file 2: Tables S1 and S2). Nkx2.1 and miR-200c act as suppressors of tumor growth and metastasis as part of the network presenting an option for lung cancer treatment. We observed a sensitive reduction in the growth of our cancer cells lines after 24 h of treatment.
Our study showed pronounced biological and treatment differences between the samples, describing the primary components of the variation in our data. This led to the separation of samples in different regions of a PCA plot corresponding to their biology and treatments. Fewer variable factors and reduced variability of cell quality were observed, which ensured that the samples clustered according to biology and treatments. During the transcriptome assembly process, both known and novel transcripts were identified.
The mitochondrial membrane target gene expression mtRNA showed a significant increase in mapping results for our Nano miR-200c-treated samples compared with the controls, and this interesting finding confirmed the mitochondrial enhancement of our preparation. Mitochondria participate in many cellular and physiologic processes, and we believe our formulations enhance morphological changes in mitochondria, providing new mechanisms and insights into the dynamics of our miR-200c. However, there were no phenotypic changes in our mitochondria in live cells based on staining with red fluorescent protein (RFP), implying that miR-200c , and 346 in our mouse models at E-11.5 in whole embryo, liver, lung, and dorsal root ganglion. miR-346, for instance, was expressed specifically in the liver and dorsal root ganglion. b-E-19.5 showed similar patterns of expression in normal mouse lung epithelium in comparison to Kras. c-In situ hybridization of Nkx2.1 mRNA at E11.5 confirmed the similar epithelial pattern to miR-1195 enters the mitochondria but does not affect their phenotype but their gene expression.
Cancer cell migration, invasion and protein
We found that miR-200c in our Nano vehicle governed cell migration and invasion more efficiently via a complex network of signal transduction pathways involving Hippo, cell cycle regulation, and EMT, compared to non-encapsulated miR-200c. miR-200c affected the oncogenic properties of non-metastatic and metastatic lung tumor cells by regulating cell cycle progression, migration, invasion, and tumor growth. The pharmacological Nano miR-200c compound impaired invasive tumor cell behavior in different migration and invasion models in vitro. By significantly affecting the invasion and migration mechanisms important for cell dissemination and the expression program of lung cancer cells, and by contributing to the inhibition of Kras, EMT, Hippo and cell cycle regulation pathways, thus functioning as metastasis blockers, technologies such as our Nano miR-200c formulation could provide potential therapeutic and/or prognostic targets. Nano formulations increase the regulation of cells by targeting cancer cells specifically, thus impacting tumor formation and progression. For instance, within the Hippo signaling pathway, which allows cellular control of organ size and tumor suppression, Yap1 could be targeted in the cytoplasm in cells treated with Nano miR-200c, leading to cell degradation. In contrast, since our formulation allows nuclear miR-200c, it could possibly induce apoptosis in the nucleus. This phenomenon can also be observed with high levels of the cell cycle regulatory components P-53 and p-IKK characterizing DNA damage. miR-200c in an encapsulated molecule governed cell migration and invasion via a complex network of signal transduction pathways that involve Hippo, cell cycle regulation, and EMT, among others.
In situ hybridization (ISH)
Using ISH approaches, we attempted to identify and characterize miRNA expression patterns of Nkx2.1, miR-200c, miR-221, miR-222, miR-346, and miR-1195 in the developing lungs of CD1, Nkx2.1 phosphorylation mutant and Kras mice. Although the low abundances of long miRNA precursors and short nucleotide sequences of mature miRNAs in animals have hampered analysis of their expression patterns by ISH, we were able to successfully identify miR-1195 in the epithelium. Lungs were isolated at multiple time points from normal CD1 and mutant mice, and the expression of Nkx2.1 and numerous miRs were assessed in E11.5 and E19.5 embryos first by confocal microscopy analyses, which showed that Nkx2.1 and some miRs such as miR-200c and miR-1195, a marker of cell proliferation [43] , were co-localized in most epithelial nuclei in early lung development (E11.5) and in late development (E19.5). However, they were expressed only in a few cells in the distal lung, and those cells did not express Nkx2.1 protein, as shown previously. miR-200c and miR-1195 were detected by in situ hybridization in developing mouse lungs, and their expression levels were altered in lungs lacking functional phosphorylated Nkx2-1. Moreover, NKX2.1 protein was bound to regulatory regions of these miRs. By in situ hybridization, we determined that miR-1195; an Nkx2.1 variant was expressed in normal developing lung epithelium in a similar pattern to Nkx2.1, suggesting a possible role for miR-1195 as a mediator of Nkx2.1 inhibitory or silencing function. As an intracellular marker, miR-200c was found to accumulate in epithelial buds in developing lungs and was negatively regulated by the epithelial marker Nkx2.1.
The expression of Nkx2.1 in the anterior foregut was previously detected by ISH in the thyroid field of the anterior foregut at E8.5 [44] . The appearance of Nkx2.1 transcripts at E9.0 in the prospective lung field allowed for identification of the first lung epithelial progenitor cells. Nkx2.1 was expressed in the primary lung buds and subsequently in the branching epithelium, with no detectable expression in the lung mesenchyme. Later in development, intense Nkx2.1 staining could be seen in both the alveolar epithelium and conducting airways [45] [46] [47] [48] . Whole mount ISH analysis revealed the same defined patterns of Nkx2.1 and miR-1195 expression in the embryos at E11.5 and E19.5. These findings support the hypothesis that cells expressing Nkx2.1 at early and late stages of lung development are in different stages of the cell cycle and undergoing different biological processes, which are likely determined by differential patterns of gene expression.
Conclusions
The therapeutic delivery of miR-200c suppresses lung cancer and prevents metastasis in culture, positioning it as a potential therapeutic agent. Many miRs prepared for delivery on tumor cells have been developed, such as lentiviruses, adenovirus vectors, expression vectors, transfections, and synthetic miR precursors, but they are not completely efficient due to their toxicity and non-specificity [49] [50] [51] . Many miRs are also used as co-adjuvants, such as miR-21 in combination with topotecan and Taxol for breast cancer [52, 53] . We modified cancer cell invasion and migration mechanisms, the main causes of mortality in cancer patients, simply by delivering our encapsulated target miR-200c with improved stability and delivery and thus overcoming the poor penetration of tumor tissues and poor intracellular delivery, which have been insurmountable challenges. The biodegradability of the encapsulation reduced off-target effects, and the packaging allowed enhanced bioavailability with sufficient miR processing enzymes. This is the first evidence to show that encapsulated miR-200c is part of a complex cytoplasmic, nuclear and mitochondrial network of pathways that involve lipids, enzymes, and proteins with new mechanisms and potential therapeutic targets for lung cancer. In conclusion, our delivery system for miR-200c may provide a more efficacious treatment for lung cancer with fewer adverse side effects given our novel data, indicating that cell mitochondria are not directly damaged phenotypically but are regulated genetically.
Additional files
Additional file 1: Figure S1 . Stable dynamic laser light scattering particle size analysis of Nano miR-200c with the Z-average size distribution of the particle microfluidization resulted in a dramatic decrease in particle size and the demonstration of the particle size heterogeneity, even within what appeared to be a homogeneous distribution 6 months later. Figure S2 . Cell cycle FACS analysis of various encapsulated miRs (200c, 221, 222, 346, and 1195) with negative empty vector control (same composition as the suspension or vehicle with no miRs). Figure S3 . A-Heat map and unsupervised hierarchical clustering by sample and genes were performed for the listed samples using the 500 genes with the largest coefficient of variation based on the FPKM counts. B-Scatter plot for significantly enriched GO terms associated with genes that were differentially expressed between the treated and untreated cells; The plot shows a comparison of the results obtained with the two statistical tests used. Values along the diagonal line were consistent between both methods. Values on the bottom left of the plot correspond to the terms with most reliable estimates using both methods. The size of the dot is proportional to the number of genes mapping to that GO term, and the coloring represents the number of significantly differentially expressed transcripts corresponding to the term, with dark red representing more terms and yellow fewer terms. C-Volcano plot showing the relationship between the p-values and the log2-fold change in normalized expression (FPKM) between treated and untreated cells; Data are based on the normalized FPKM (abundance) for each gene per sample. Data are based on treated Vs untreated groups of non-metastatic KW-634 metastatic 821-LN, and 821 T4. Table S1 . Genes: 
